ABSTRACT
INTRODUCTION
In traditional macro-scale fracture experiments, new surfaces are created from a bulk material. Due to the size scale and forces involved, surface adhesion between external surfaces is negligible. For micro and nanodevices, however, this is not the case. When one surface (with micro/nano characteristic areas) is brought into contact with a clean and atomically smooth substrate, the surfaces may strongly adhere to one another (stiction failure), especially if they are lightly pressed to each other by external forces, such as the capillary forces of a liquid trapped between them. Because these surfaces are not necessarily of the same material or terminated by the same adsorbed molecules one should not expect stiction failed components to behave as if they were a bulk material. Thus caution must be exercised when applying linear fracture mechanics concepts to stiction failure.
Bringing two highly smooth and 'clean' surfaces into close proximity may give some of the surface atoms a chance to form primary or secondary bonds across the surfaces. These bonds may result in permanent adhesion of the two surfaces, but these bonds are typically sparse and not homogenously distributed across the interface. Even the smoothest surfaces fail to be completely "smooth" at atomic scale and there are always a plethora of bumps and valleys. Focal bond formation between the bumps on two surfaces may happen when the tips of the bumps contact one another and are lightly pressed to each other by an external force. Considering that the bumps are statistically distributed and that not every two bump-contact necessarily ends in a bond, one can imagine how inhomogeneously the bonds could be distributed between the surfaces.
The adhesion quality increases as the average bonded area of each bump and the overall bond density increases. If the mean distance between two bonds is comparable to the spatial scale of the experiment, it may result in noncontinuous behavior while peeling the surfaces off each other. Variations in the external forces of the experiment may also induce changes in adhesional configurations; this will create adhesion quality changes during the experiment as well, which will directly effect the results.
For nearly two decades researchers have been devising experiments and measuring the critical strain energy release rate in micro and nanodevices. In 1992, Mastrangelo et al. [1] proposed a simple method to calculate the work of adhesion in microstructures. According to Legtenberg et al. [2] hydrogen forces are the main forces involved in adhesion of hydrophilic surfaces while hydrophobic surfaces depend on the much weaker van der Waals forces. Expanding their previous work, in 1993, Mastrangelo et al. [3] investigated the stiction mechanisms of the micro-structures considering capillary forces. In 1999 de Boer et al [4] completed Mastrangelo et al.'s work [3] by actually measuring the strain energy release rates(G) for hydrophobic and hydrophilic surfaces and also studying the shear effects at the crack's edge.
In concert with efforts to measure G, others have been developing methods to avoid and alleviate stiction failure. Super critical drying which was introduced by Abe et. al. [5] effectively prevents wet stiction failure during the release process. Condensation can end in post process wet failure of MEMS. Self assembled monolayers are also a alternative to prevent postrelease failure [6] . In 1999 Maboudian et al. were able to convert hydrophilic silicon surfaces to hydrophobic ones using octadecyltrichlorosilane based SAMs. Similar results was obtained by Ashurst [7] in 2003 using vapor phase coatings. Maboudian [8] studied the tribology of wet surfaces in 2004. In 2007 studying the thermodynamics of capillary adhesion de Boer [9] found out that the capillary forces are the most dominant forces in wet failure.
Stiction failure, however, is a reality and as such methods have also been developed to repair stiction failed devices. Although, as shown by Rogers et al. [10] , direct laser bombardment can repair MEMS stiction failure, if used more than a couple of times, it can damage the device. The method developed by Leseman et al [11] in 2006 can be safely used to release stiction failed MEMS structures for unlimited number of times. In 2007 Cho et al [12] studied the stiction failure from fracture mechanics point of view. Using the same theoretical background, Leseman et al. [13, 14] could repair stiction failed micro-cantilevers using laser induced stress-waves.
Since surface roughnesses and debris can obfuscate experiments to characterize strain energy rates rates, these measurements present quite a challenge. In this paper, a nonlinear method developed by Mousavi et al. [15] is used to calculate the strain energy release rate of stiction failed polysilicon microcantilever beams peeled from a polysilicon substrate, first done by Leseman et al. [13] . The native oxide formed on the polysilicon surface makes the beam and substrate hydrophilic enough to experience wet failure. Debris and roughnesses trapped between the surfaces resulted in blisters after drying. The crack propagation at blisters is a phenomena only limited to thin membranes, MEMS and NEMS. Presently the crack propagation and strain energy stored in microcantilevers in the presence of blisters is studied.
EXPERIMENTAL PROCEDURE
The polysilicon microcantilever samples used, were fabricated by the SUMMiT V T M process in Sandia National Laboratories and were 1000 µm long, 30 µm wide and 2.6 µm thick. The microcantilevers were anchored to a fabricated piezoactuated stage with 5 DOF (x,y,z and 2 θ 's). Alignment and parallelization between the microcantilevers and a polysilicon substrate to witch they were to be failed on, was performed using interferometric microscopy. The array of microcantilevers were brought to rest 2 − 3 µm above the polysilicon substrate over most of their lengths. The small droplet of water or isopropyl alcohol (IPA), gently introduced on top of beams, could easily penetrate the space between the beams and the substrate and wet them due to hydrophillicity of the surface native oxide layer. The capillary forces bring the beam and substrate together as the wate/IPA gets evaporated. The failure starts from the free end of the beam and proceeds toward the anchor point. At the point when no further liquid is visible, the anchor point is moved normally away from the substrate in order to gradually peel off the beam from the substrate. This is illustrated in Fig.1 . The beam deflects as the anchor point is lifted higher until a critical point is reached. At each critical point the energy stored in the beam is enough to cause the crack to propagate and produce new surfaces. This phenomena is known as Griffith criterion and is also observed by del Rio [16] and de Boer [9] .
Interferometric microscopy is used for out of plane measurements of beam deflection. Resolution for the interferograms is 3 nm. The raw data files, obtained from the inteferometer, are analyzed by a code written to extract the three dimensional deflection profile of the micro-cantilevers, compare the shape of each beam with theoretically predicted shape of it, calculate the forces and stresses, and to obtain the strain energy release rate.
ANALYTICAL MODEL
The analytical model derived in [15] is used to study the deflection of the beams and to solve for stresses and strain energy release rate. Solving the general nonlinear beam equation, EIy = M, with the boundary conditions given in Eqn. (1) yields in the deflection equation of the beam, (2), as a function of an unknown parameter t = F x EL . In order to solve for this parameter one needs to consider the elongation of the beam under the applied stresses. The total length of the deformed beam can be found using the curve length Eqn. (3). Hooke's Law (4) is used to relate the initial and final lengths of the beam to the applied stresses, helping us to numerically solve for t.
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EXPERIMENTAL RESULTS
Great care must be taken in order to keep the surfaces in a pristine state. If care is not taken, then debris will inevitably be trapped between the microcantilevers and the corresponding failed surface. For example, a set of beams was failed in an 'unclean' environment as is seen in Fig.2 . A wavy pattern was observed on the failed portion of the beams after complete failure and after the IPA had evaporated away. Waviness was less when water/IPA was used to fail the beams compared to when water was used. Although most of the blisters were due to debris trapped between the beam and the substrate some of them, especially the larger ones, had no debris trapped between the beams and substrate. Fig.3 shows one of the average sized blisters observed. The anchor point was lifted to a height of 7.9µm in 11 subsequent steps while maintaining a blister ahead of the crack tip. At the initial position, the blister is nearly flat, yet still visible. As the anchor point is raised and the beam deflected the central part of the blister is lifted up from the substrate. A maximum blister height is attained when the anchor point is lifted 4.8 µm above the substrate. Subsequent increments of the anchor point above the substrate result in decreased blister heights until 8.5 µm height. Fig.4 is the same as Fig.3 except that one additional profile is given. This profile, in green, is after the blister has been destroyed and stiction failure has occurred between the blistered area and the substrate. Note that the beam is directly on the substrate now, indicating that no debris was present between the substrate and microcantilever. Additionally note that the crack length, s, has decreased though the height, h, of the anchor point has increased, which is counterintuitive in absence of debris. The strain energy release rate values calculated using the method explained in [15] for the experimental data presented in Figure 5 shows that the critical strain energy release rate is monotonically increasing. The slope of this line, until an anchor height of 8.5 µm, is gradually increasing. This gradual increase is caused by the blister.The blister is gathering energy, via bending ahead of the crack. Initially, the blister is redistributing the load in a manner which causes the crack to grow quickly this yielding a relatively low G. As the blister grows though it becomes more difficult for the crack to grow and the G correspondingly gets larger. When the blister has been destroyed the crack length, s actually decreases drastically rather than increasing as it had previously. This gives rise to a large, more than 200%, increase in the critical strain energy release rate.
DISCUSSION
Had there been debris between the beam and the substrate the debris would not let the crack fully close. With debris in the center of the blister the mechanical loading problem would have been a three-point loading scheme rather than a two-point loaded beam. Since the height of the debris is much smaller than the height of anchor it does not drastically change the shape of the beam deflection. However any debris, however small, will undoubtedly affect results, though it may not be noticeable if the spatial scale of the experiment is larger than that of the debris.
For devices that necessarily contact one another or substrates, debris formation due to wear, is inevitable. Even if the surfaces were atomically clean and smooth, as soon as the device starts to work some debris will be produces and as described by Maboudian [8] , liquid condensation can actually help the debris to agglomerate, cementing two surfaces to each other, which will produce a considerable sized debris when the parts get separated before the next operation cycle starts. This is one of the main problems in commercialization of MEMS / NEMS where devices much necessarily contact one another. Wear and debris formation is highly visible in gear chains and RF switches and as seen can lead to inconsistent behaviors in MEMS / NEMS devices.
CONCLUSIONS
Experimental results for stiction failed microcantilevers have been presented and analyzed using the peel test technique. In these experiments blisters were formed due to debris and incongruent drying of the liquids which were used to stiction fail the microcantilevers. It was demonstrated that the spatial scale on which the peel test is performed can yield different results for the critical strain energy release rates. Though results were presented for relative large blistered areas, greater than 100 nm in height it was concluded that this phenomena may happen at even smaller length scales. This may affect final values for G and explain discrepancies between results from different researchers.
